creased Id3 expression, VSMC growth and S-phase entry and decreased p21 cip1 expression and transcription. Cells stimulated with ox-LDL demonstrated similar fi ndings of increased growth and Id3 expression and decreased p21 cip1 expression. Moreover, the effects of ox-LDL on growth were abolished in cells devoid of the Id3 gene. Results provide evidence that the HLH factor Id3 mediates the mitogenic effect of hyperlipemic sera and ox-LDL in VSMC via inhibition of p21 cip1 expression, subsequently increasing DNA synthesis and proliferation.
Introduction
Hyperlipemia has been established as an independent risk factor for the development of atherosclerotic cardiovascular disease [1, 2] . It has been demonstrated that in the presence of elevated lipid levels, the earliest event in the development of the atherosclerotic lesion is the transport into and retention of low-density lipoprotein (LDL) in the artery wall [3, 4] . LDL then undergoes oxidation and is taken up by macrophages with the subsequent formation of foam cells and accumulation of oxidized lipid in the artery wall [3, 4] . The presence of smooth muscle cells, abundance of intercellular matrix, and greater accumulation of macrophages and lipoprotein distinguishes progression-prone from progression-resistant lesions [4] . In fact, progression-resistant lesions contain few vascular smooth muscle cells (VSMC) [4] . However, the exact role of VSMC in this disease process is still unclear. It is believed that enhanced VSMC migration and proliferation contribute to early lesion development as does secretion of proinfl ammatory cytokines by VSMC. In hypercholesterolemic animals, VSMC in developing lesions show increased proliferation. In contrast, late in lesion development, matrix secretion by VSMC appears to increase plaque stability [5] [6] [7] . Thus, a further understanding of the role of VSMC in the early development of lesions, particularly in response to hyperlipemia, is of key importance to understanding the progression of vascular diseases. While much is known about the effects of oxidized lipid on macrophages in the vessel wall, the molecular mechanisms that regulate the effects of hyperlipemia and oxidized lipids on vascular smooth muscle cell accumulation in developing lesions are poorly understood.
Oxidized LDL (ox-LDL) has been shown to affect VSMC growth-inducing proliferation or apoptosis depending on the concentration and level of oxidation of the LDL [8] [9] [10] [11] . Ox-LDL stimulates growth via an oxidative mechanism that causes the release of FGF-2, potentiates the mitogenic effect of angiotensin II, and stimulates MAPK activation [12] [13] [14] . In addition, ox-LDL has been shown to induce an increase in the expression of cell cycle regulatory proteins [15] . However, little is known about the effects of ox-LDL or hyperlipemia on nuclear factors that regulate the expression of cell cycle proteins.
The Id class of the helix-loop-helix (HLH) transcription factors has recently emerged as important regulators of cellular growth [16, 17] . The original established paradigm for Id was an inhibitor of differentiation. Id dimerizes with ubiquitously expressed basic HLH (bHLH) factors such as the E2A proteins (E12 and E47) and inhibits their dimerization with cell-specifi c bHLH factors. DNA binding and subsequent activation of transcription is inhibited. In the absence of Id, E2A factors are free to dimerize and bind to DNA leading to activation of transcription and subsequently differentiation of the cell [18, 19] . This basic functional property of regulating gene expression through dimerization with functional DNAbinding proteins is also a mechanism whereby Id regulates cell cycle progression. bHLH factors such as E47 activate transcription of the cyclin-dependent kinase inhibitor p21 cip1 [16, 20] . p21 cip1 has been implicated as an important inhibitor of VSMC proliferation and vascular lesion formation [21, 22] . Id3 has emerged as a redoxsensitive regulator of cell cycle gene expression and growth in VSMC and is expressed during vascular lesion formation in response to injury [23] [24] [25] . Thus it is appealing to hypothesize that hyperlipemia-and ox-LDL-induced VSMC growth is mediated by increased expression of Id3 and inhibition of p21 cip1 transcription. Results of the present study are the fi rst to demonstrate, in vivo , that hyperlipemia leads to an increased expression of Id3 in the vessel wall. Moreover, hyperlipemic sera from these same animals induce Id3 protein expression, growth, and enhanced S-phase entry in the VSMC. We, further, provide evidence that hyperlipemia increases Id3 expression via induction of Id3 transcription and induces a subsequent decrease in p21 cip1 transcription. As ox-LDL is an important mediator of hyperlipemia, we provide evidence that cells stimulated with ox-LDL demonstrate increased VSMC growth and Id3 expression and decreased p21 cip1 expression. Moreover, the effects of ox-LDL on growth are abolished in cells devoid of the Id3 gene, providing strong evidence for the necessity of Id3 for ox-LDL-induced growth.
Methods and Materials

Porcine Model
Male Yorkshire pigs, 8-12 weeks old, were fed either a normal diet (fi nal cholesterol levels of 65-105 mg/dl ) or a diet containing 1.5% cholesterol and 15% lard (fi nal cholesterol levels of 287-450 mg/dl) for 20 weeks, sacrifi ced and sera and tissue harvested. All pigs used in this study were normoglycemic. As reported previously in the literature, hyperlipemic pigs develop atherosclerotic lesions in contrast to normolipemic pigs [26] . Levels of ox-LDL in this model increased linearly with total cholesterol levels ( fi g. 1 ).
Serum Collection
Whole blood was collected and allowed to coagulate. Samples were centrifuged for 10 min at 2,000 g, serum removed, aliquotted and frozen at -80 ° C. Sera were normoglycemic and matched for glucose levels. Oxidation was determined using ELISA (Mercodia). Serum was kept under argon gas to prevent further oxidation.
Protein Harvest
Two-millimeter slices of abdominal aorta obtained from the same segment in each animal were snap-frozen in liquid nitrogen and smashed. Tissue was added to buffer (10 ml of 25 m M HEPES, pH 7.5 and one complete mini EDTA-free protease inhibitor tablet; Roche), kept on ice, homogenized and centrifuged at 5,000 g for 15 min at 4 ° C. Supernatant was collected.
Measurement of Oxidation
Levels of oxidation were determined by ox-LDL ELISA (Mercodia) which is a solid two-site enzyme immunoassay based on a direct sandwich technique in which two antibodies are directed against separate epitopes of the ox-LDL apo B molecule.
Cell Culture
Primary aortic VSMC were isolated from Id3 knockout mice (kindly provided by Yuan Zhuang), Id3 wild-type mice (littermate controls) and Yorkshire pigs and grown in Dulbeco's Modifi ed Eagle Medium (DMEM F12) containing 10% fetal bovine serum, 10 U/ml penicillin, and 10 g/ml streptomycin. Cells were studied at passages 8-15. Serum starvation consists of maintaining the cells in DMEM F12 with Pen/Strep devoid of serum for 48 h. Stimulation with sera from the pig model was done following serum starvation and consisted of DMEM F12, Pen/Strep and 10% serum from either normolipemic or hyperlipemic pigs.
Analysis of Smooth Muscle Cell Proliferation
Cells were harvested with trypsin and 100 l of cells were added to 9.9 ml of Isoton. Cell number was determined using the Beckman Coulter Counter according to the manufacturer's suggestions. Absolute cell number was counted in triplicate and averaged for each sample. Cell number was also determined using the CellTiter 96 AQ ueous One Solution Cell Proliferation Assay (Promega) according to the manufacturer's specifi cations.
Cell Cycle Analysis
Cells were fi xed with ethanol, incubated with propidium iodide (PI) solution (10 ml of 0.1% Triton X-100 (Sigma) in PBS, 2 mg DNase-free RNase A (Sigma), and 200 l of 1 mg/ml PI; Sigma) for 15 min at 36 ° C and cell cycle analysis was performed using the Becton Dickinson FACS Calibur dual laser benchtop cytometer and ModFitLT version 3 software.
Lipoprotein Preparation
Human native LDL (n-LDL) and ox-LDL (Cu 2+ oxidation) were purchased from Intracel, dialyzed with Slide-A-Lyzer Dialysis Cassettes (Pierce) at room temperature for 2 h and then overnight at 4 ° C . Lipoproteins were stored at 4 ° C under argon gas. Concentrations used are based on protein measurements.
Western Blots
Protein was electrophoresed on a 15% SDS-polyacrylamide gel, transferred to a PVDF membrane and blocked for 1 h at room temperature in 5% nonfat milk in PBS-Tween (PBST). The membrane was incubated with rabbit polyclonal Id3 (Santa Cruz Biotechnology) or mouse monoclonal p21 cip1 (Pharmingen) antibodies overnight at 4 ° C, washed and incubated in secondary antibody (horseradish-peroxidase-conjugated) diluted 1: 5,000 in PBST for 1 h at room temperature. Immunoreactive bands were visualized by chemiluminescence after incubation with ECL reagent (Amersham Pharmacia Biotech). The blots were stripped and reprobed with an anti-tubulin antibody to control for protein loading.
Promoter-Reporter Analysis
Porcine primary aortic VSMC were transfected with 0.5 g pK7GFP and either 0.5 g p21Luc or pId3Luc. Luciferase activity was determined using a Luciferase Assay System (Promega). Samples were normalized for protein and transfection effi ciency.
Viral Infection
VSMC were infected with 5 MOI of AdGFP or AdId3 and cell number measured at 24 h.
Statistical Analysis
Differences between experimental values obtained were evaluated for statistical signifi cance using a two-tailed Student's t test.
Results
Effects of Hyperlipemia on Id3 Protein Levels in the Vessel Wall
We obtained sera and tissues from a hyperlipemic porcine model of spontaneous atherosclerosis that demonstrates vascular lesions similar to those found in human disease [26] . In order to determine if there are differ ences in Id3 levels in the vessel wall in response to high-fat feeding in this model, protein was harvested and Western blots performed. Aortas from hyperlipemic animals sacrifi ced after 20 weeks of high-fat feeding contained more Id3 protein relative to normolipemic control aortas. Four animals were studied in each group (p ! 0.001) ( fi g. 2 a, b).
Effects of Hyperlipemia on Id3 Protein Expression, Growth and S-Phase Entry in VSMC
To determine if sera from these same animals induced Id3 expression and growth in VSMC, cell number was assessed and Western blot analysis was performed on primary porcine aortic VSMC stimulated with hyperlipemic Fig. 1 . ox-LDL increases linearly with total cholesterol. Levels of LDL oxidation were determined using a commercially available antibody assay. As total cholesterol increases in the porcine model, ox-LDL increases.
or normolipemic sera. Consistent with vessel wall data, cells stimulated with hyperlipemic sera demonstrated increased levels of Id3 protein compared with cells stimulated with normolipemic sera ( fi g. 3 a). VSMC stimulated with hyperlipemic sera also grew signifi cantly faster than cells exposed to normolipemic sera (p ! 0.01 at 24 h, p = 0.01 at 48 h) ( fi g. 3 b). To determine the effects of hyperlipemic versus normolipemic sera on S-phase entry, cell cycle components were analyzed by FACS. VSMC stimulated with hyperlipemic sera had a signifi cant increase in S-phase entry compared with cells stimulated with normolipemic sera (p = 0.016) ( fi g. 3 c). Porcine VSMC were plated in equal densities, quiesced for 48 h and stimulated with media containing either hyperlipemic or normolipemic sera. Normolipemic animals had serum cholesterol levels of 65-105 mg/ dl. Hyperlipemic animals had cholesterol levels of 287-450 mg/dl. a Forty-eight hours after stimulation, equal amounts of protein were analyzed for Id3 expression by Western blotting. The blot was stripped and reprobed with an anti-tubulin antibody to control for protein loading. b VSMC stimulated with hyperlipemic sera grew faster at all time points relative to normolipemic sera (* p = 0.008 at 24 h, † p = 0.01 at 48 h). c Eighteen hours after stimulation, cells were stained with PI and analyzed for cell cycle components. VSMC stimulated with hyperlipemic sera had signifi cantly greater S-phase entry relative to normolipemic sera (* p = 0.016). Results are the average of three experiments performed in triplicate utilizing sera from 7 animals from each group. 
Effects of ox-LDL on VSMC Growth and Expression of Id3 and p21 cip1
To determine if growth-promoting concentrations of ox-LDL regulate Id3 and p21 cip1 expression, primary mouse aortic VSMC were stimulated with either 20 g/ Fig. 4 . Hyperlipemia increases Id3 transcription and decreases p21 cip1 transcription. Cells were cotransfected with pK7GFP and either pId3Luc or p21Luc. Cells were quiesced for 48 h and stimulated with either hyperlipemic or normolipemic sera. Luciferase activity was measured (normalized to protein concentration and GFP fl uorescence) was measured 24 and 48 h later. a Hyperlipemic sera increased Id3 promoter reporter activity relative to normolipemic sera (* p ! 0.01 at 24 and 48 h). b Hyperlipemic sera decreased p21 promoter reporter activity relative to normolipemic sera (* p ! 0.01 at 24 h, † p = 0.02 at 48 h). Results are average of three experiments performed in triplicate utilizing sera from 7 animals from each group. 
Id3 Is Critical to ox-LDL-Induced Growth
To determine if Id3 is necessary for ox-LDL-induced VSMC growth, control and Id3 knockout primary aortic VSMC were stimulated with 20 g/ml of ox-LDL or n-LDL. Interestingly, in contrast to wild-type cells, Id3 knockout cells demonstrated no growth in response to stimulation. This fi nding provides strong evidence that Id3 is critical for VSMC growth (p ! 0.05 at 24 h, p ! 0.001 at 48 h) ( fi g. 5 a). Rescue experiments performed by infecting Id3 knockout VSMC with an adenovirus expressing Id3 resulted in return of normal growth, confi rming that the growth defect in Id3 knockout cells is due to loss of Id3 ( fi g. 6 ). 
Discussion
Previous studies have shown an increase in Id3 expression in response to mechanical injury [23, 25] ; however, the results of the present study offer the fi rst in vivo evidence demonstrating increased expression of Id3 in the vessel wall of hyperlipemic animals. Interestingly, they suggest that this effect is mediated by a circulating factor as sera from these same animals induces an increase in Id3 expression and growth in cultured VSMC. The precise factors responsible for increasing Id3 expression in response to hyperlipemia are unknown. The effects of hyperlipemia are thought to be mediated through elevated levels of oxidative stress [27] . Indeed, increased plasma levels of ox-LDL have been demonstrated in patients with atherosclerotic lesions and it has been suggested that the ox-LDL/total cholesterol ratio is an indicator for the increased risk of vascular events [28] . Further, as serum levels of LDL increase, serum levels of ox-LDL increase [28] . Data from this study demonstrate this correlation to be present in this porcine model as well. While other circulating factors may play a role, data from this study suggest that the circulating factor in hyperlipemic sera that induces Id3 expression and VSMC growth is ox-LDL. Similar to hyperlipemic sera, ox-LDL induces VSMC growth along with an increase in Id3 and a decrease in p21 cip1 expression. Oxidation of LDL has emerged as the initiating event in lesion formation [3, 4] . The effects of ox-LDL on signaling pathways and transcription factors that lead to macrophage accumulation and infl ammatory responses in the vessel wall are well known [27] . However, while much is known about the signaling molecules induced by ox-LDL in VSMC [12] [13] [14] , little is known about the effects on transcription factors which regulate VSMC proliferation during vascular lesion development. In the present study, we provide the fi rst evidence that ox-LDL increases the expression of Id3. Previous studies have shown that delivery of Id3 antisense to VSMC inhibited the increases in DNA synthesis induced by angiotensin II and xanthine/xanthine oxidase (X/XO), suggesting that levels of Id3 are important determinants of mitogen and ROS-induced G1-S progression [24] . Moreover, increased Id3 expression resulted in a decrease in p21 cip1 transcription and an increase in DNA synthesis and VSMC number [29] . While Id3 is not specifi c to the ox-LDL pathway, results of the present study demonstrating ox-LDL induction of Id3 expression and loss of ox-LDL-induced mitogenesis in Id3 knockout VSMC provide evidence that Id3 is a critical component of ox-LDL-induced growth signaling in VSMC.
Ox-LDL regulates the expression of genes associated with atherosclerosis, including the redox-sensitive transcription factors activator protein-1 (AP-1) and NF-B, MAPK, and the vascular gene expression of ICAM-1 and VCAM-1 [27, [30] [31] [32] [33] [34] . Interestingly, the Id3 promoter contains a binding site for AP-1 providing a potential mechanism whereby ox-LDL may induce Id3 transcription [35] . Whether hyperlipemia regulates Id3 transcription via these factors is unknown. Further study to identify the cis-and trans-acting factors regulating hyperlipemia-induced Id3 expression may provide important insight into the molecular mechanisms that regulate the effects of hyperlipemia and oxidation on VSMC growth and atherosclerotic lesion progression.
